The hypothesis that focal scalp EEG and MEG interictal epileptiform activity can be modelled by single dipoles or by a limited number of dipoles was examined. The time course and spatial distribution of interictal activity recorded simultaneously by surface electrodes and by electrodes next to mesial temporal structures in 12 patients being assessed for epilepsy surgery have been studied to estimate the degree of confinement of neural activity present during interictal paroxysms, and the degree to which volume conduction and neural propagation take part in the diffusion of interictal activity. Also, intrapatient topographical correlations of ictal onset zone and deep interictal activity have been studied. Correlations between the amplitudes of deep and surface recordings, together with previous reports on the amplitude of scalp signals produced by artificially implanted dipoles suggest that the ratio of deep to surface activity recorded during interictal epileptiform activity on the scalp is around 1:2000. This implies that most such activity recorded on the scalp does not arise from volume conduction from deep structures but is generated in the underlying neocortex. Also, time delays of up to 220 ms recorded between interictal paroxysms at different recording sites show that interictal epileptiform activity can propagate neuronally within several milliseconds to relatively remote cortex. Large areas of archicortex and neocortex can then be simultaneously or sequentially active via three possible mechanisms: (1) by fast association fibres directly, (2) by fast association fibres that trigger local phenomena which in turn give rise to sharp/slow waves or spikes, and (3) propagation along the neocortex. The low ratio of deep-to-surface signal on the scalp and the simultaneous activation of large neocortical areas can yield spurious equivalent dipoles localised in deeper structures. Frequent interictal spike activities can also take place independently in areas other than the ictal onset zone and their interictal propagation to the surface is independent of their capacity to trigger seizures. It is concluded that: (1) the deep-to-surface ratios of electromagnetic fields from deep sources are extremely low on the scalp; (2) single dipoles or a limited number of dipoles are not adequate models for interictal activity for surgical assessment; (3) the correct localisation of the onset of interictal activity does not necessarily imply the onset of seizures in the region or in the same hemisphere. It is suggested that, until volume conduction and neurophysiological propagation can be distinguished, semiempirical correlations between symptomatology, surgical outcome, and detailed presurgical modelling of the neocortical projection patterns by combined MEG, EEG, and MRI could be more fruitfil than source localisation with unrealistic source models. (JNeurolNeurosurg Psychiatry 1994;57:435-449) 
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The hypothesis that focal scalp EEG and MEG interictal epileptiform activity can be modelled by single dipoles or by a limited number of dipoles was examined. The time course and spatial distribution of interictal activity recorded simultaneously by surface electrodes and by electrodes next to mesial temporal structures in 12 patients being assessed for epilepsy surgery have been studied to estimate the degree of confinement of neural activity present during interictal paroxysms, and the degree to which volume conduction and neural propagation take part in the diffusion of interictal activity. Also, intrapatient topographical correlations of ictal onset zone and deep interictal activity have been studied. Correlations between the amplitudes of deep and surface recordings, together with previous reports on the amplitude of scalp signals produced by artificially implanted dipoles suggest that the ratio of deep to surface activity recorded during interictal epileptiform activity on the scalp is around 1:2000. This implies that most such activity recorded on the scalp does not arise from volume conduction from deep structures but is generated in the underlying neocortex. Also, time delays of up to 220 ms recorded between interictal paroxysms at different recording sites show that interictal epileptiform activity can propagate neuronally within several milliseconds to relatively remote cortex. Large areas of archicortex and neocortex can then be simultaneously or sequentially active via three possible mechanisms: (1) by fast association fibres directly, (2) by fast association fibres that trigger local phenomena which in turn give rise to sharp/slow waves or spikes, and (3) propagation along the neocortex. The low ratio of deep-to-surface signal on the scalp and the simultaneous activation of large neocortical areas can yield spurious equivalent dipoles localised in deeper structures. Frequent interictal spike activities can also take place independently in areas other than the ictal onset zone and their interictal propagation to the surface is independent of their capacity to trigger seizures. It is concluded that: (1) the deep-to-surface ratios of electromagnetic fields from deep sources are extremely low on the scalp; (2) single dipoles or a limited number of dipoles are not adequate models for interictal activity for surgical assessment; (3) the correct localisation of the onset of interictal activity does not necessarily imply the onset of seizures in the region or in the same hemisphere. It is suggested that, until volume conduction and neurophysiological propagation can be distinguished, semiempirical correlations between symptomatology, surgical outcome, and detailed presurgical modelling of the neocortical projection patterns by combined MEG, EEG, and MRI could be more fruitfil than source localisation with unrealistic source models. (JNeurolNeurosurg Psychiatry 1994; 57:435-449) A successful outcome of resective surgery for epilepsy depends on the localisation of an epileptogenic zone in nervous tissue that is structurally and functionally abnormal. Recent developments in medical imaging have provided a substantial improvement in the localisation of structural lesions. The need for identification of functional abnormalities, however, still demands recording the onset of ictal activity in a high proportion of patients assessed for surgery for epilepsy. In particular, deep temporal and frontal structures are often involved in the genesis of epileptic seizures and the localisation of the ictal onset zone may require the chronic implantation of intracranial electrodes. Presently, attention to the onset and propagation of ictal events is usually emphasised during the interpretation of intracranial recordings (for reviews, see Wieser' and Spencere). Interictal paroxysmal events (spikes and sharp waves) are, however, recorded from both deep and superficial structures. These can help the understanding of neurophysiological mechanisms involved in the generation of scalp epileptiform activity and the clinical interpretation of scalp electroencephalograms. The analysis of scalp interictal activity has been suggested as an alternative to intracranial recordings, largely based on the assumption that synchronised neural activity remains relatively localised during interictal paroxysms. Accordingly, the electric and magnetic fields generated on or around the scalp by interictal epileptic activity have been analysed to localise epileptogenic foci.>7 The models often assume that cellular currents produced by synchronised neuronal activity (primary or impressed currents) generate an electromagnetic field, which in turn induces secondary currents in the surrounding conducting medium (volume currents). In principle, both impressed and volume currents can contribute to the amplitude of the scalp electric and magnetic fields (electroencephalogram (EEG) and magnetoencephalogram, (MEG)). Several algorithms have been developed to localise the impressed currents from scalp EEG or MEG measurements. Most methods model the impressed current as a current dipole or a restricted number of dipoles.8-'0 Although source localisation by means of scalp EEG modelling has now been used for over 15 years, it has never become a standard clinical tool. It is presumed that one of the reasons is that volume currents resulting from inhomogeneities in medium conductivity or differences between the assumed geometrical head model and the real head shape can smear or displace source localities. It can be demonstrated that, in a spherical conductor, the component of the extemal magnetic field normal to the surface does not contain contributions from volume currents.1' This has motivated several investigators to evaluate interictal MEG recordings as a non-invasive alternative to deep recording for localising epileptogenic foci during preoperative assessment. Various publications have claimed that scalp MEG can be successfully used for this purpose.346 12 Nevertheless, Cohen et al found that EEG and MEG achieved similar accuracy in localising current dipoles generated by intracranial electrodes implanted in patients. '3 This finding has triggered a lively discussion among MEG researchers. '4 Surprisingly, although theoretical physical models of interictal activity have been thoroughly discussed, the neurophysiological mechanisms involved in interictal phenomena in humans and their correlations with ictal events are little understood. Moreover, as well as the potential relevance of scalp EEG and MEG activities in non-invasive surgical assessment, a neurophysiological understanding of interictal activity would be highly useful to the clinician, as most electroencephalographic studies carried out on patients with epilepsy are based on interictal recordings.
In the present paper we have analysed human interictal activity recorded simultaneously by surface electrodes and deep electrodes situated in or near mesial temporal structures and sometimes in the frontal lobe.
Three main topics are considered: (1) the degree of confinement of neural activity during interictal paroxysms, (2) the degree to which instantaneous volume conduction (electromagnetic propagation) and neural conduction take part in the propagation of interictal activity, and (3) the topographical relation between interictal and early ictal activity. We discuss the complexities associated with interictal events, their influence in the localising capabilities of scalp recordings, and comment on the most appropriate mathematical models for the source. Contacts from the four more superficial electrodes (labelled 4, 3, 2, or 1) were 5 mm long and their centres were situated 10 mm apart along the bundle. Intracerebral electrodes of similar characteristics were bilaterally implanted under CT control in the amygdala, anterior and posterior hippocampus, and occasionally in the medial frontal region. 18 Telemetric recording from intracerebral and subdural electrodes commenced three to seven days after implantation and continued for up to three weeks. Scalp EEG was recorded in one patient simultaneously with intracerebral and subdural recordings to estimate the signal attenuation produced by the skull and scalp.
Although FO electrodes are subdural electrodes in the sense that they are immersed in the subdural space, they supposedly record from deep brain structures (mesial temporal structures). Therefore we grouped FO and intracerebral electrodes as "deep electrodes" to simplify terminology in this paper. We will generically designate scalp electrodes in patients with FO insertions and subdural electrodes in patients with intracerebral electrodes as "surface electrodes", as they lie over the convexity of the neocortex.
RECORDING SYSTEM AND ANALYSIS Cable telemetry of 32 or 64 channels was used for data acquisition (Telefactor Beekeeper system). Data were digitalised at 200 Hz and band filtered (high pass cutoff frequency at 0-3 Hz and low pass cutoff frequency at 70 Hz). The system input range was 2 mV and data were digitalised with a 12 bit analog-to-digital converter (an amplitude resolution of 0-488 ,uV). All data were recorded as common reference. Pz was used as common reference during display of data from patients with FO electrodes. For data display from intracerebral electrodes the selection of the reference varied, but was usually a remote scalp reference. Sections of 10-20 minutes of interictal recordings from each patient were transcribed on to hard disk and paper. The topography and waveform of interictal events occurring within the transcribed sections were studied visually (a total of 651 events) and 45 spikes and sharp waves were selected for computer analysis. Although most patients showed more than one type of interictal event regarding waveform and spatial distribution, all events selected for computer analysis fulfilled two criteria: (1) events with similar amplitudes, or even waveforms, occur both with and without significant accompanying surface signals (figs 2 and 4). Therefore, events recorded only by deep electrodes must represent neuronal activity that does not propagate significantly through neural pathways to the gyri. More direct evidence of neuronal propagation of interictal activity from deep structures to the neocortices in humans is provided by time delays between deep and surface recordings. Delays of as much as 220 ms between deep interictal spikes and surface activity have been measured. The shortest delays (SLs) are associated with surface spikes, whereas longer latency differences (LLs) are associated with surface sharp or slow waves, often preceded by low amplitude rhythmic activity or a small deflection. Because the main waveform is usually the same in deep and surface SL activity, delays in the range of 10-50 ms could in principle be explained by: (1) the filtering behaviour of the tissues due to their passive electrical properties (resistance, capacitance) in the presence of a single source closer to deep electrodes; and (2) different channels recording different electromagnetic sources that correspond to neural populations that share a generic form of activation in response to a common epileptogenic event. The filtering behaviour of the tissues seems to be negligible at the frequencies of interest. It has been shown that the cerebral white matter behaves predominantly in a resistive manner up to 20 kHz20 and the dielectric permittivity and electrical conductivity of fresh and fixed bone are independent of frequency up to 100 kHz.2' Alternatively, different cortical regions could be activated nearly simultaneously by fast conductive fibres from a deep source, presumably close or within mesial temporal structures but perhaps from other subcortical or limbic structures. In any one SL interictal spike, all channels that record the event often show a similar pattern consisting of a negative or positive spike followed by a slow wave of opposite polarity, each component showing different duration and sharpness, presumably reflecting differences in cell synchronisation.
Longer latency interictal activity provides clear evidence for neural propagation of activity from deep sources to the neocortex. Sharp or slow waves are recorded 50 to 220 ms after a deep spike. Neither the waveform nor the large delay, nor the fact that delayed activity often has larger amplitude than early spikes, can be explained by tissue filtering. Deep interictal spikes often occur, however, with low amplitude deflections or rhythmic activity recorded on the surface preceding the main sharp wave ( figs 1, 4, 6, and 8 ). These initial low amplitude deflections show SL and LL delays, which suggest that they could represent a volley of arriving activity that triggers local phenomena responsible for the generation of late sharp waves (Figs 1 and 7) .
In seven patients, a proportion of interictal spikes showed no delays between deep and surface electrodes (Synch). The lack of delay could in principle be explained by a single source. Amplitude inconsistencies between deep and surface recordings exist, however (fig. 7) . The spatial distribution of voltage in deep recordings is usually not clearly dipolar, often showing spikes in the same range of amplitudes at two or three contiguous electrodes, abruptly disappearing at the next electrode, situated only a few millimetres apart, perhaps reappearing at other electrodes further away. The topography of interictal paroxysms is quite localised in the depth, often recordable over no more than one or two centimetres, yet showing a relatively wide distribution and high amplitude on the surface (fig 2) . Also, depth and subdural interictal spikes show the same range of amplitudes. These features of spatial distribution suggest that neural populations located as far as several centimetres apart should be simultaneously active during interictal activity, a situation that could severely hamper space discrimination in dipole source localisation.
Also, phase reversals in deep recordings compatible with the existence of deep dipoles are rare. In our series some interictal activity in only one patient showed dipolar distribution in the depth, with voltages of about 750 ,uV between two hippocampal electrodes situated 2-5 mm apart. Assuming grey matter resistivity of 2-84 ohm m'9 and assuming that the measured voltages were generated by a dipole located in the hippocampus between both electrodes for example, 1 mm from contact 5, the current dipole in the depth would have to be of the order of 2 nA-m. The largest voltages generated at the subdural space or on the scalp (situated about 4 and 5 cm from mesial temporal structures) by a 2 nA m current dipole would be of the order of 0-7 and 0A45 puV respectively (assuming white matter resistivity = 6-82 ohm m19). Similarly, assuming the magnetic permeability of human tissues of the same order as the magnetic permeability of free space, the largest magnetic fields generated over the scalp by a current dipole of 2 nA-m situated in mesial temporal structures would be 88 fT. Therefore, EEG amplitudes measured on the surface are three orders of magnitude larger than predicted by a single dipole situated in mesial temporal structures, with strength compatible with amplitudes generated in the depth. Similarly, measured MEG scalp spikes (about 1 pT) are one order of magnitude bigger than predicted. 
ANATOMICOPHYSIOLOGICAL BASIS OF NEURAL PROPAGATION
The existence of mutual interconnections between amygdala and hippocampus and widespread projections from both structures to the neocortices have been well established (for reviews see Lopes da Silva et al25 and Pandya and Yeterian26). They provide an anatomical substrate to the interictal propagation of activity from deep sources to neocortex or in the opposite direction. In particular, Amaral and Price have described extensive projections from the amygdala to the pole of the temporal lobe, the superior temporal gyrus and the medial and orbital surfaces of the frontal lobe.27 This is consistent with the finding that mesial temporal spikes are often associated with lateral frontal, orbitofrontal and anterior temporal spikes or sharp waves on subdural electrodes (figs 5, 6, and 7) and with anterior temporal spikes on the scalp (figs 1, 2, 4, and 8); see also Hughes.28 Unfortunately little is known about the diameter of fibres projecting from mesial temporal structures to the neocortex and whether their conduction velocity could account for the neocortical activation by mesial temporal structures with the latency differences described (more than 3 m/s for LL delays and 1-2 to 3 m/s for SL). Very fast conducting rates have been found, however, in the CNS. For instance, the first cortical components of somatosensory evoked responses appear with 20 ms delay after medial nerve stimulation.29 Assuming a peripheral conduction velocity of about 60 m/s for the fastest afferent fibres (12,um diameter A fibres),30 peripheral conduction probably takes at least 10 ms, leaving 10 ms for central conduction to occur from the cervical spinal cord to somatosensory cortex. Similarly, large areas of the neocortex could be synchronised in a few milliseconds by mesial temporal structures, or archicortex and neocortex could be activated simultaneously by a limbic or a subcortical pacemaker, perhaps thalamic. In any case, at the usual sampling rates, short or absent delays are compatible with activation of temporal and frontal neocortex through fast conducting fibres from deep sources. Even for the slowest axonal conduction, however, delays over 70 ms require a multisynaptic pathway, presumably with intracortical or subcortical relays. We have noted that neocortical events which show long delays are often preceded by a low amplitude deflection or rhythmic activity that starts with a deep spike (figs 1, 4, 6, and 8). This low amplitude activity could represent an initial neocortical afferent volley that is responsible for the generation of local changes that will in turn give way to a propagated sharp/slow wave under appropriate conditions.
NEURAL SYNCHRONICITY
An interesting finding is that deep recordings often show sharper and shorter spikes than surface recordings. Synchronisation could be lost as the wave travels, probably due to statistical differences in synaptic delays or fibre conduction velocities. Moreover, deep spikes can be associated with surface spikes, sharp waves, or slow activity, down to the delta range. Usually the slowest activities showed the longest delays and more widespread spatial distribution. These findings are consistent with the suggestion that sharper epileptiform activity and fast spikes are more common when recording from close to the neural generator of epileptiform activity.3' NEURAL V ELECTROMAGNETIC PROPAGATION Our results regarding latency and spatial distributions, suggest that interictal activity is a complex phenomenon in which relatively large areas of neocortex and archicortex can be simultaneously or consecutively activated through three mechanisms: (1) by fast association fibres directly, (2) by fast association fibres that trigger local phenomena which might in turn give way to sharp/slow waves or spikes, and (3) propagation along the cortex.
Also, there must be a generic mechanism by which widespread areas of the cortex generate certain patterns in response to epileptiform events. Specific factors such as neuron network anatomy, dynamics, or previous state could condition the cortex to generate spikeand-wave, sharp, or slow waves as a response. The simultaneous activation of large areas of the neocortex in a generic form can simulate electrical activity distributed over a wide solid angle, similar to that generated by a deep single electrical source. In this context, the distinction between electromagnetic and neuronal propagation of the signal can be difficult because the existence of multiple solutions to the inverse problem complicates modelling in the presence of multiple sources. For instance it can be shown that the deeper the source the wider the surface area where it is detected.32 Therefore, it could be difficult to distinguish scalp electromagnetic fields generated by an extended neocortical source from those generated by a single deep source on the basis of the spatial distribution of external electromagnetic fields. The magnitude of the dipole moment should also be considered, and must be compatible with physiological neuronal currents (with voltage gradients smaller than 1000 ,uV/25 mm). Hence, when deep and surface sources are active simultaneously, as seems to be the case in Synch and SL types, the active sources nearest the recording sites could mask or cancel activity from deep sources, which additionally shows a very small signal to noise ratio. Whether the topography of such neocortical dipole arrays is reliably predictive of the location of a deep pacemaker has yet to be established.
